Halogen chemistry in the polar regions occurs through the release of halogen elements from different 15 sources. Bromine is primarily emitted from sea salt aerosols and other saline condensed phases associated with 16 sea ice surfaces, while iodine is affected by the release of organic compounds from algae colonies living within 17
Introduction

31
Halogen elements play an important role in polar boundary layer chemistry. The release of reactive halogen 32 species from sea ice substrates has been demonstrated to be crucial in the destruction of tropospheric ozone at 33 polar latitudes ( Although the ocean is the main reservoir of sea salts, various condensed phases of high salinity are found on 37 young sea ice surfaces. During seawater freezing, brine is separated from the frozen water matrix and expulsion 38 processes lead to both upward and downward movement, as temperature decreases (Abbatt et al., 2012). 39
Therefore, high salinity brine, frost flowers and salty blowing snow make newly formed sea ice surfaces a 40 highly efficient substrate for inorganic halides and for their activation and release in the atmosphere (Saiz-41
Lopez et al., 2012b, Yang et al., 2008) . Some studies have also pointed out the role of open-water sea salts as 42 a significant bromine source (Yang et al., 2005; Sander et al., 2003) . 43 44
Reactive halogen species are involved in cyclic reactions between halogen radicals, their oxides and ozone. 45
Reactions R1-3 show the main reactions for bromine. Atomic bromine radicals result from photolysis of 46 molecular bromine, leading to formation of bromine monoxide, BrO, through the reaction with ozone: 47 48 2 → 2
(1) 49
Self reaction of BrO may form 2 bromine atoms (85%) or a Br2 molecule (15%) which is readily photolyzed. 52
The mechanism has a catalytic behavior that destroys ozone. 53 54
High concentrations of vertical columns of BrO and IO have been confirmed by SCIAMACHY (SCanning 55
Imaging Absorption spectroMeter for Atmospheric CartograpHY) satellite observations over Antarctic sea 56
ice (Schönhardt et al., 2012). 57 58
Bromine can then be recycled and re-emitted from halogen-rich condensed phases (such as sea salt aerosol or 59 other saline solutions) or from sea ice surfaces (Pratt et al., 2013), leading to an exponential increase of 60 bromine in the gas phase (Vogt et al., 1996) . Such reactions, known as bromine explosions, lead to enhanced 61 bromine in the atmosphere. A recent 1D chemistry model simulation predicted an increase of bromine 62 deposition on surface snowpack after 24/48 hours of recycling over first year sea ice (Spolaor et al., 2016b). 63
The stability of bromine in the snowpack was investigated at Summit, Greenland (Thomas et al. (2011) , to 64 explain the observed mixing ratios of BrO. Measurements in East Antarctica (Legrand et al., 2016) revealed 65 that snowpack cannot account for the observed gas-phase inorganic bromine in the atmosphere. 66
Bromine enrichment in snow (compared to sodium, relative to sea water) has therefore been recently used to 67 reconstruct sea ice variability from ice cores both in the Antarctic and Arctic regions (Spolaor et al., 2013a, 68 2016b). Measurements of sea ice related species such as bromine and iodine could therefore allow a sea ice 81 signature to be obtained from ice core records. Until recently, only sodium has been used to qualitatively 82 reconstruct sea ice at glacial-interglacial timescales (e.g. Wolff et al., 2006) We present here bromine, iodine and sodium deposition in coastal East Antarctica, by investigating 107 their total concentrations within a series of shallow firn cores, covering the 2010-2013 time period. The cores 108
were drilled during a traverse performed in late December 2013 in Victoria Land (East Antarctica), from Talos 109 Dome (72°48' S, 159°06' E) to GV7 (70°41' S, 158°51' E). The variability of these species at sub-annual 110 timescales will inform on timing and seasonality as well as spatial patterns of their deposition. Such 111 information is necessary for the interpretation at longer timescales of these elements and possible depositional 112 or post depositional effects. These sub-annual resolution investigations are still limited to the Indian ocean 113 sector (Law Dome -Spolaor et al., 2014) of Antarctica. The only data available on iodine in the Atlantic sector 114 (Neumayer station) have been reported from a snow pit study by Frieß et al. (2010) . This study will test the 115 regional variability of these tracers, providing measurements from the Ross Sea to the Indian ocean sector that 116 remains otherwise unstudied. 117 118 The traverse was performed in the northern Victoria Land region of East Antarctica (Fig. 1 ) from the 20 th 122
Sampling and analyses
November 2013 to the 8 th January 2014. The starting and ending locations were Talos Dome (72°48' S, 159°12' 123 E) and location '6' (see Fig. 1 ), close to GV7 (70°41' S, 158°51' E), for a total distance of about 300 kilometers. 124
Talos Dome (275 km WNW from Mario Zucchelli station) is located approximately 250 km from the Ross 125
Sea and 290 km from the Indian Ocean. GV7 is a peripheral site on the ice divide coming from Talos Dome, 126 located just 95 km from the Indian Ocean. 127 100 laminar flow hood. Each core was cut with a commercial hand saw and decontaminated 133 through mechanical chiseling by removing approximately 1 cm of the external layer. Every tool was cleaned 134 each time a piece of sample was decontaminated into three serial baths of ultrapure water, which was changed 135 every 10 washes. The cores were then subsampled at 5 cm resolution (3 cm for the GV7 core) into polyethylene 136 vials previously cleaned with UPW and then kept frozen at -20 °C until analysis. 137
Analytical measurements 138
Total sodium (Na), bromine (Br) and iodine (I) concentrations were determined by Inductively Coupled Plasma 139 -Sector Field Mass Spectrometry (ICP-SFMS Element2, ThermoFischer, Bremen, Germany) at Cà Foscari 140
University of Venice, following the methodology described in Spolaor et al., 2014. 141
The samples were melted one hour before measurements. During this time exposure from direct light was 142 reduced by covering them with aluminum foils, minimizing bromine and iodine photolysis reactions. 143
The introduction system consisted of a cyclonic Peltier-cooled spray chamber (ESI, Omaha, USA). The 144
operational flow rate was kept at 0.4 mL min -1 , for an overall sample volume of 5.0 mL. Each sample 145 determination consisted of 5 instrumental detections (less than 2% variations between them). The 5 values 146
were then averaged to provide the final quantification. 147
Each analytical run (10 samples) ended with a HNO3 (5%) and UPW cleaning session of 3 min to ensure a 148 stable background level throughout the analysis. 149 150
The external standards that were used to calibrate the analytes were prepared by gravimetric method by 151 diluting separate stock 1000 ppm IC solution (TraceCERT® purity grade, Sigma-Aldrich, MO, USA) of the 152 three analytes into a primary solution, which was further diluted for into 6 bromine and iodine standards 153 (0.01, 0.05, 0.1, 0.5, 1 and 4 ppb) and 6 sodium standards (0.5, 1, 5, 10, 50 and 100 ppb).
154
The calibration regression lines showed correlation coefficients R 2 >0.99 (N=6, p=0.05). The detection limits, 155
calculated as three times the standard deviation of the blanks, were 50 and 5 ppt for bromine and iodine 156 respectively and 0.8 ppb for sodium. The reproducibility of the measurements was carried out by repeated 157 measurements of standard samples within the calibration range. The residual standard deviations (RSD) were 158
respectively 5 % (bromine), 3 % (sodium) and 2 % (iodine 
Stable water isotopes and snow accumulation
The cores were dated based on the seasonal variations identified in the stable water isotopes (both δ 18 O and 172 δD). Midwinters were associated to the relative minima of the isotopic curves (Fig. 2) . In case a winter isotopic 173 plateau was found, the center of the plateau was associated to midwinter depth (2011 in core GV7; 2012 and 174 2011 in core 8; 2010 in core 6). Almost all the cores cover the period between 2010 and late 2013, providing 175
four years of snow deposition. The only exception is represented by core 6, whose upper layer is missing. 176 177
The annual deposition signal looks less clear in the two cores that were drilled at the sites with the highest 178 elevation and the closest to the Ross Sea, cores TD and 10, and especially for 2013 in core 10. The two sites 179 are probably the most affected by surface remobilization and isotopic diffusion due to low accumulation. The annual accumulation rates were calculated by selecting the depth intervals included within consecutive 185 maximum or minimum δ 18 O values (Table 2) . Each snow layer within this interval (i.e. sampling resolution, 5 186 cm) was multiplied by the density of the snow at that depth, the density curves having the same resolution. 187
The contributions were summed over the annual thickness. Table 2 
also includes accumulation rates in Victoria 188
Land reported from previous studies. The GV5 site is located between sites 10 and 9 ( Fig. 1) .
The accumulation rates found during the traverse are in general agreement with the previous works (Becagli Scarchilli, personal communication) for the same years. The inconsistency between the accumulation rates 195 derived from the core and those derived from the stake farm and previous measurements suggests that the 196 isotopic assignments of years may be incorrect at this site, and that the profile contains more years than have 197 been assigned. This core therefore is not used in further calculations. The fluxes of deposition of sodium, 198
bromine and iodine in the other cores along the transect are calculated using the accumulation rates from this 199
work.
201
The accumulation pattern along the transect increases from Talos Dome to the Southern Ocean (GV7, 8, 7, 6), 202
as the previous works have also found ppb are probably associated to sea salt rich marine storms. Iodine has an average concentration of 43 ppt, 216 associated with a lower variability (23%) compared to bromine (42%) and sodium (61%). 217
Sodium, Bromine and Iodine
The bromine enrichment has been calculated as the bromine excess with respect to sea water concentrations, 218 The distributions of bromine enrichment values are reported in Fig. 3 , divided into the cores closest to the Ross 232 sea (TD, 10, 9, blue distribution) and to the Indian ocean (GV, 8, 7, 6, red distribution). The first set of cores 233
show on average higher values (5.7 ± 0.3) than the second (4.2 ± 0.2). The variability (rms) is also higher (3.5 234 ± 0.2) in the first set compared to the 'Indian ocean' set (2.5 ± 0.1), because of greater distance covered by the 235 sampling (165 km compared to 40 km). Overall, the values extend from a minimum of 0.5 to 17 with more 236 than 98% of the samples showing values greater than 1 (i.e. sea water value). A detailed insight on the few <1 237 values revealed that these samples are associated with very high contributions of sodium inputs (>120 ppb), 238 therefore likely associated to strong marine events. Such distribution of enrichment supports the theory that 239 this parameter is, in these coastal sites, affected by sea ice signature. 240
The measurements of the chemical species for the different coring sites along the traverse are reported in Fig.  241 4 throughout the year and high winter singularities or more extended peaks in cores GV7 and 8 respectively. The monthly sea ice areas from 2010 to 2013 were calculated for such sector and plotted in Fig. 7a (blue) ; each 259 monthly value was normalized to the total annual sea ice area. The minimum sea ice is found in February, 260
while a longer lasting maximum throughout winter and spring is observed, before a rapid decrease from 261
November. Solar radiation values Fig. 7a (red represents a daily average of the 15 th day of each month of 2012 and it is considered a monthly representation. 264
The sub annual distribution of bromine enrichment along the transect is shown in Fig. 7b (blue) . Each bins 265
contains the cumulative monthly value for every year in every core, normalized by the total value of each year 266
(which may change according to year and location). The histogram is then normalized by the overall sum 267 measured in the transect. The distribution shows a clear sub-annual oscillation with lowest and highest annual 268 contribution in May (autumn) and October-November (late spring), respectively. The combined effect of sea 269
ice and insolation ( Fig. 7b , magenta product distribution) shows similar features, with maximum in November, 270
albeit with a much more pronounced springtime increase than seen in the bromine enrichment. Such 271 comparison suggests that the combined effect of sea ice and insolation is related to the seasonality of bromine 272 enrichment. Monthly sea ice area values are reported in Fig. 7c (blue) , together with annual averaged values 273 of bromine enrichment (black) and first year sea ice, FYSI (red), calculated as the difference of maximum and 274 minimum sea ice area. A longer record would be needed to evaluate the correlation between bromine 275 enrichment values and FYSI area and investigate a quantitatively link. 276 Table 3 shows the average annual iodine concentrations for each location, together with its standard deviation. Unlike previous observations of a clear winter peak of iodine with concentrations up to 0.6 ppb (Neumayer) 280 and 0.3 ppb (Law Dome), no clear seasonality is observed for the transect records, with annual variability 281 around 10-15%. Core 7 (Fig. 6) shows some variability which corresponds to winter peaks. High iodine 282
concentrations are observed in core 8 during the 2012 winter, in association to a strong sea salt (sodium) input, 283
although similar strong winter peaks are observed in 2011 at GV7. 284
The low background level and low variability of iodine found along the transect reflect a low input of iodine 285
in this area of Antarctica compared to other locations. This picture is confirmed by satellite measurements, 286 which show average IO concentrations close to detection limit over the area of the transect compared to Law 287 Dome, Neumayer, or any other coastal location (Fig. 8, right panel) . The high elevation of the traverse area, 288
compared to the others is likely to play a role in preventing efficient iodine transport from the source areas. 289 The spatial variability of sodium, bromine, bromine enrichment and iodine is investigated in Fig. 9 . The 300 twelve panels display the annual fluxes of Na, Br, I and integrated annual values of bromine enrichment for 301 each core in relation to its distance from the Indian Ocean. Sodium fluxes show the highest values and 302 variability around the closest locations to the Southern Ocean (GV7, 8, 7, 6), where the accumulation 303 increases. After rapidly decreasing within the first 100 km, the sodium flux becomes stable, as the input from 304
the SO decreases but the one from the Ross sea gradually increases. Bromine exhibits a similar behavior to 305 sodium, with a homogeneous flux within cores 10 and 9 and an increase (up to 3 times) in the last 100 km 306 from the SO. Elevation could partly account for the fractionation of sodium and bromine, having the 180 m 307 of height difference separating GV7,8,7 and 6, and 240 m from GV7 to core 10. The effect of elevation yet is 308
combined to the influence of the distance from the source to resolve the two effects. The pattern of bromine 309 enrichment is linked among other things to the different bromine fractionations during the transport in the 310 gas phase and the aerosol phase, compared to sodium. Unlike sodium and bromine, no decrease is observed 311 for bromine enrichment from our data ( Fig. 9 , second column), although no clear trend can be inferred. This 312
can be due to the multiple origins of air advection (Ross sea /Indian ocean), to their uneven strength or 313 because the distances are not large enough for any difference to be observed. 314
A slightly lower fractionation after 100 km from the SO is observed for iodine, consistent with the 315 homogeneous satellite measurements of IO ( Fig. 9, right) . 316 317
Conclusions
319
The 2013/14 Talos Dome -GV7 traverse provided an opportunity to expand the existing sodium dataset in 320
Victoria Land and investigate important features of bromine and iodine temporal and spatial variabilities, so 321 far only available in Antarctica at Law Dome and Neumayer station. 322 323
The accumulation rates agree with previous studies, with increasing values from the Ross Sea to the Southern 324
Ocean. Accumulation rates calculated for Talos Dome are higher than previously reported, likely caused by 325 isotopic diffusion and remobilization at this site. Further studies are required at this site in order to access the 326 reproducibility of the climate signal. 
